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1 Introduction

The increasing demand for energy, the concerning pace of glo i ustion of natural
resources are forcing humanity to opt for alternative and clean e on emissions
and maintain the sustainability of our planet and its surroundings.
solution to these issues. However, there are several obstacles that need to be
integration of PV sources into the grid system.

voltage (V) characteristics. Additionally, the maximum power point (MPP) t
weather conditions. Previous studies [1-7] have addressed this issue. Typically;,
double-stage (DC-DC & then DC-AC) methods are used to connect isolated solar PV s
grid system [8]. However, in current circumstances, a large number of power electronic

the quality and continuity of the overall system, making it necessary to deploy advanced contre
prefer the single-stage topology to ensure reliable and continuous active power supply to the grid from the
connected solar PV system. This approach is crucial for maintaining and monitoring power quality
conditioning [9].

Many researchers have proposed several ways for the improvement of power quality of the grid connected
PV system, out of which a large number of researches aim at time and frequency domain analysis based control
algorithms, especially for the operation of grid-connected voltage source converter (VSC). But in most of the
cases, frequency analysis based topologies are computationally heavier and hence, requires high-memory and
high-speed digital controllers and complicated algorithms for accurate implementation. Thus the
computational burden on the system becomes higher along with the cost of controller. Besides, these analyses
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further require larger sampling time for effective harmonic decomposition [10]; hence becomes harder to
implement. Thus, time domain controls are mostly used for grid connected solar PV applications and hardware
implementation is done through the real-time controllers.

In this study, the Perturb & Observe (P&O) algorithm was utilized to identify the maximum power point.
While stand-alone PV cells have various applications, grid-connected PV systems have their own set of
benefits and uses. These systems offer enhanced energy security by reducing dependence on non-renewable
resources and shifting towards greener energy. Many synchronization techniques for grid-connected systems
have beeneXamined by researchers [11-15]. In this work, voltage source inverters (VSI) were preferred over
curzent source/inverters (CSI) due to the latter's problematic dynamic characteristics [16]. Controlling the DC
link voltage i§ a crucial aspect of the system, as sudden disturbances may significantly alter capacitor voltage
and negatively impact the overall performance. To stabilize the DC link voltage, a PI controller was used,
which'is known for its ability,to minimize steady-state errors. Several studies have implemented PI controllers
for similar applications [17-21].'In most of these studies, power quality was assessed using the total harmonic
distortion (THD )parameter, whichimeasures undesirable harmonic components in a signal. During unbalanced
conditions or sudden disturbances, higher-order frequency harmonics can undesirably distort the signal. Hence,
THD analysis s essential for evaluating power quality [22]. As per IEEE 519-2014 [23], permissible THD for
bus voltage at 'the point of commefi coupling V < 1 kV should be under 8%. In this experiment, THD was
calculated for load, grid, and inverter current using Fast Fourier Transform (FFT) and analysed graphically.

In the present work; grid foltage is converted from line to phase quantity followed by alpha-beta quadrature
form using Clarke transformation. This is followed by the unit vector voltage generation using band-pass filter.
Next the load current has been calculated using the active Power Coefficient (APC) method and using the unit
vectors so produced. This isifollowed by invefter gate pulse generation. DC link voltage control is achieved
by using suitable PI controller.-“The'major advantage of the System is that the proposed model serves good to
deliver active power to the load as welLads transfer the excess active power to the grid, without absorbing any
reactive power from the grid; thereby,@etaining a good quality of power with less than 2% harmonic distortion
(THD); which is, as per the IEEE standard,519-2014 [23], very.much acceptable under all circumstances.
Although, similar works have been practicesyby researchers [24], but the more important feature of the
proposed work lies in the fact that this output 1s achieved without using phase locked loop (PLL) in the present
study. The study described in reference [25] evaliates how: well a double=stage grid-connected photovoltaic
(DSGCP) system functions with a non-linear load during regular operation and when faced with different types
of grid faults. This evaluation is carried out using a control strategy based on a phase-locked loop (PLL).

In this study, a prototype PV model was created using Matlab-Simalink, and various system parameters
were observed. Voltage, reactive and active power profiles of the inverter, load, and gridéWere examined, along
with the change of capacitor voltage over time. Furthermore, the Harmonics of inverter current, load current,
and grid current waveforms were analysed. Result-oriented discussions were carried out based onithe necessary
findings.

2 Methods

In the field of renewable energy, there has been a growing interest in in¢orporating photovoltaic\(PV)
systems into the existing electric grid, which can be attributed to the rising demand forfSustainable energy
sources. However, the integration of PV systems also brings challenges, such as harmonic distortion, which
can affect the quality of the electric power supplied to the grid. In order to mitigate these hatmonic distoftions,
various control strategies have been proposed, including the use of Active Power Coefficient (ARC)control.

The aim of this chapter is to represent a study on the harmonic mitigation of double=stage grid-tied
photovoltaic systems using APC control. The chapter will provide a comprehensive overview of the APC
control strategy, including its design and implementation, as well as the results and discussion of the study.
The outcomes of this work will contribute to a deeper understanding of the potential of APC control in
improving the integration of PV systems into the electric grid, while ensuring the quality of the electric power
supplied to the grid.

2.1 Objectives of the proposed work

The objectives of the proposed work are as follows:
* The first objective of the present study is to model an APC controlled DSGTP system without using the
PLL technology i.e., designing a PLL less APC controlled DSGTP system.
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* Different case studies have been investigated thereafter depending upon diverse weather conditions. Solar
cells are often dependant on the weather conditions since the intensity of irradiation depends on how much
overcast the sky is, or the direction of the sun and the clouds etc.

* Another major objective of the work is to study the nature of harmonics and power flow dynamics; since
the balance between the ratios of reactive to active power consumed by the load and that of the generation
often causes harmonics in the system, and hence, further promotes imbalance to the power factor of the circuit.

* The algorithm proposed in this study aims to address harmonic disturbances by balancing the reactive
power demand ofthe system. To achieve this, the algorithm ensures that the active power demand of the load
is met'by both the power generated by the PV system and the grid. However, the reactive power demand is
solely managed by the PV inverter and not the grid. This approach ensures that the grid power factor is not
compromis¢d. Even when there is no irradiation, the installed solar inverter is capable of supplying the net
reactive power demand.ofithe load. Essentially, the proposed design functions as a power factor compensatory
device similar to a STATCOM.

* Finally, a gomparative study\has been proposed in order to compare the proposed method with other
contemporary schemes with similar objectives.

In order to/design the proposed scheme, we have adopted a double stage PV inverter design scheme in this
case. Perturb & Observe method has been implemented here to locate the maximum power point (MPP) in the
system in the initialyphase. Thie main benefitiof the proposed scheme is that it has been designed without
implementing phaselocked loop (PLL), which is a common scheme in several models [24]. Further we have
incorporated band-pass filter in the design. The design is further based on the unit voltage vector concept, i.e.,
the voltages have been converted to per unit model forigeneralization of design; as well as used active power
coefficient (APC) control for final implementation of the scheme.

2.2 Perturb & Observe method

This method is implemented in thefpresent scheme in ordef to perform the maximum power point tracking
(MPPT). When a PV system is operatinghat point outsidé (to the left) maximum power point (MPP), the
magnitudes of voltage, current and Power are measured ifitially. Next the terminal voltage is increased slightly
and the operating point moves slightly towards rightéside. This is the new operating point for the PV system
where the voltage, current and power is measured d@gain. Now if power measuted at this new point (to the right
side) is greater than previously measured point (to'the left side), the terminal voltage is further increased and
the voltage, current and power is measured again at this new point. These neWw parameters are again compared
to the immediately recorded previous set of values and the same process'is repeated till the MPP is reached.
This is ensured as when the MPP is reached, a slight increase the terminal voltage results, in slightly reduced
power at new point compared to MPP. In that case, the terminal sfoltage is again deCreased to shift back to
MPP again. Thus, this process of tracking the MPP is primarily an iterative schem@. But the major drawback
with this method is that the operating point oscillates about the MPP in an equilibfium state andis never settled.
The band of oscillation, however, may be reduced by decreasing the rate of voltage inerement in gach step.
This is one of the easiest ways to overcome this problem, with a compromise to the speed of operation for
searching towards the MPP, as well as slowing down of the overall system: Anether major disadvantage,of
this method is experienced during the fast changing atmospheric conditions. Perturb,& Observe method shifts
the operating point away from the MPP until stable atmospheric condition is arrived duging the fast changing
weathers. This results in a good amount of power loss and hence the system efficiency is further reduced. In
our application, the Perturb and Observe (P&O) method has demonstrated satisfactory perfermancesdnd has
met our requirements, attributable to its straightforward algorithms and logical design.

2.3 Control algorithm

The entire control scheme of the proposed work is divided in the following segments as follows:

* The classical perturb and observe (P&O) MPPT technique is used for maximum power point tracking
(MPPT), where the DC-link reference voltage is determined based on the maximum extracted power.

* Voltage control and harmonic mitigation have been achieved using the proposed active power coefficient
(APC) control.

* The proportional integral (PI) controller works towards maintaining the DC link voltage at the desired
reference voltage point.
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* In addition, we have implemented synchronization in our system without the use of a Phase Locked Loop
(PLL). Rather, we have employed a second order band-pass filter, which not only simplifies our system but
also reduces its complexity.

* To retain almost unity power factor of the grid to avoid any penalty. Hence, the proposed design works
additionally similar to the reactive power compensatory device such as the STATCOM,; although, allows for
only active power intake during the shortfall of active power on the load side.
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Figure 1. Schematic
Table 1. PV array specification.
Parameter

Modules connected in parallel
Incident solar insolation (W/m2)
Modules connected in series
Temperature (°C)

0, 400, 100
7

Table 2. One PV module specifications.

Parameter Va

Crest Power (W) 315.07
Maximum power point voltage Vmp (V) 54.70
Open Circuit Voltage Voc (V) 64.5
Maximum power point current Imp (A) 5.75

Some of the other major parameters of the simulated system are described below:
e DC link Capacitor ratting = 3000 micro Farad
e Coupling inductor ratting = 2.5 mH
e Details of the non-linear type of R-L load:
Resistance =25 Ohm
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Inductance =50mH

Active power drawn = 9000 Watt (approx.),

Reactive power drawn = 5000 VAR (approx.)
e  Grid parameters:

ge =415 Volts (line to line RMS),

As described in Figure 2, the grid line voltage is initially converted t
expression given by equation (1). The line A to line B voltage (V,;;) and the line
multiplied with the conversion matrix to yield the three phase voltages V4, Vgpand Ve

—2

The grid phase voltages are next converted to alpha-beta form using Clarke transformation as per the
equation (2) as follows:
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These quadrature voltages in the form of alpha-beta voltages are next converted to grid phase voltages
for the three es using inverse Clarke transform as follows:

1
Veal |
v‘;,, = 1/2 \/_/2 x[ ] 3)
Ve —1/2 —\/_/

Filter

Bandpass
Filter

X (Vigr +Vioy +Vieg) — Vg

i

Bandpass
Filter

Vo = % W

The chosen transfer function of the digital band pass filter is considere
kx(1—-2z"1
k2
1-(k—=2)z71+ (1 —k +7)z‘2]

Hgp(2) =

Where the parameter & is taken as k = 44 x 107>
Each phase voltage of the corresponding grid is passed through this filter to obtain the filtered phase

voltages Va5, Vs and Vs tespectively as per expressions (5) to (7) as follows:

Band pass filter
Voo — Vear 6))

Band pass filter
cp — Viur (6)
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Band pass filter
Gc ? VGcf (7)

The terminal grid voltage (V) is further obtained by squaring each of these filtered phase voltage, scaling
and finally taking the square root of the same as per equation (8) below:

2
Ve = jg X (Vo +Vips +VEp) (®)

tor voltages for each phase €.g., Wpq, Wpp, and wy,. are obtained respectively by dividing each

of the hase e, Viar, Vepr and Vi with the terminal grid voltage (V) as below:

VGaf
Wpa = V_G (9)
Vebr
=— 10
7 (10)
(11)
3.4 Load current calculations
The load currents are further co i methed. This is done by taking the ratio of the
integral of the product of each line i or voltage of the corresponding phase i.e.,
J(Ii X wp;) dt to the integral of the squ i of the same phase [‘w}; dt; where, i
denotes each of the three phases a. b and ¢ ¢ ressions are given by the following
equations:
ligx = (12)
I _ f(llb Xpr) dt (13)
bx Jwp, dt
I _ f(IlC X Wpc) dt
fex Jwp. dt
Thus, the final average line current is computed by taking the mean of all the three p odulated
currents as below:
_ Ligx + Iipx + licx
I lavg — 3

The entire scheme is described as shown in Figure 4 and the Matlab simulation diagram is described in
Figure 5.

3.5 DC link Capacitor voltage control and gate pulse generation

The next task is to control the capacitor voltage and generation of the gate pulses. This scheme is
represented using Figure 5 using schematic and Matlab simulink diagrams.

This is done initially by computing the error component (€4.) between the DC link reference voltage and
the measured capacitor voltage as per equation (16).
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€ac = (VR -V (16)
This DC link error component (e4.) is further passed through a proportional integral controller (PI

controller) to obtain an equivalent DC current component I; as follows:

PI Controller
€ge —— I (17)

ction of the digital PI controller is considered as Hp;(z) as follows:

1
Hp;(2) =P(1+I*Tsm) (18)

djusted as Ts (simulation step time) = 0.0001 in simulation.

Multiplier

Iip
X
Multiplier
Wob X Divider
Multiplier Inwgator
I Ic ‘ [
3 x

Multiplier  Integrator

Wl
Wpc X Divider

Multiplier  Integrator

Figure 4. Schematic diagram for Load current calculations by APC me
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pa X
Multipli =
Ilavg + I §
act X | —&
' PI Controller I, + Wpp Multipli %%
Adder ”
X
WpC_Multiplier

I

t I; so formed is added to the average line current developed
e current I, as follows:

(19)

The three phase reference
multiplying this actual line current I,
and wy, as follows:

d Ipep respectively are further developed by
ctor voltages for each phase e.g., Wy, Wpp

(20)

Iprer = lact X Wpp (21)

Icref = lger X Wpe (22)
The corresponding phase current errors are next develope comparin three phase
reference currents i.€., Igref, Iprefand Igyer with those of the measured line phases i.e.,

I, I and I respectively. These errors are given as:
Eciz =(Ig' - Iaref)
Eli) = (Ign - Ibref)

et = (1" - Ierer) (25)
€k, €b, €l are finally processed via hysteresis relay to develop gate pulses for the voltage source inverter
(VSI) in the proposed scheme.

4 Result and Discussion

In the proposed work, the net irradiation on the PV cells has been adjusted in three stages as follows:
a) For t=0to 0.4 sec, Irradiation = 0
b) For t=0.4 to 0.8 sec, Irradiation = 400 Watt/m?
¢) Fort=0.8 to 1.2 sec, Irradiation = 1000 Watt/m?
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This variation of irradiance is shown graphically in Figure 6(a). As is mentioned here that we have varied
the irradiation level in three steps, the objective of the work is to observe the reactive and active power
delivered to the load by the PV cells under this varying irradiation level; also the voltage and current pattern
and harmonic distortion under each level separately.
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Figure 6. Waveforms representing the input output characteristic
of the irradiation level in three steps, (b) variation of temperature
voltage profile, (d) PV array output current profile, (e) PV arra
the voltage across the DC link capacitor

V array output
variation of

In order to observe the same, we have plotted the current, voltage and
that of the connected grid. The input parameters to the cells are the varyin

400 W/m? for the next 0.4 sec to simulate overcast condition; and finally, we have se
1000 W/m? in order to simulate completely sunny weather condition.

The temperature level is shown in Figure 6(b) where the PV module temperature is
degree Celsius under all irradiation levels.

Figure 6(c) to Figure 6(f) describes the output characteristics of the PV modules. Figure 6(c) displays the
output voltage profile of the modules which describes that the module output voltage remains close to zero
when the irradiation level is zero. This is understandable as the output from the modules ceases in absence of
any irradiation. Next when the irradiation level goes upto 400 W/m?, the PV array voltage raises to nearly
300V DC, following minor transient disturbance. Further, when the radiation level research 1000 W/m?, the
voltage level increases slightly to nearly 350V, again followed by little transient disturbances. We have used
P&O method to find out the maximum power point (MPP) in the proposed work; hence, the PV current and
the PV active power profiles match the irradiation level in each of the steps, i.e., the power and the current
profiles also increases in steps in synchronism to the variation of the three step irradiation level. The PV power
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shown here reflects the DC power produced by the PV modules. The voltage across the capacitor also follows
similar pattern as shown in Figure 6(f).
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Figure 7. Power profiles of the PV 1 j iation level: (a) inverter output active
power profile, (b) inverter output reactive
The solar inverter active and reactive pow, Figure 7(a) and Figure 7(b)

respectively. Figure 8 shows the similar charac
respectively the active and reactive power demand of the load.

4.1 Analysis of active power distribution

It is observed that the load constantly requires and active powe
The inverter active power ranges in the level of 9 kW and 25 kW
and 1000 W/m? respectively as is observed from Figure 7(a). Thu
active power is entirely consumed by the load under irradiation level of 4
neither receives any active power from the grid, nor it supplies any to the
remains nearly zero as shown in Figure 8(a). Thus, the PV unit remains floa
such circumstances in terms of active power delivery under 400 W/m? irra
reverses for the next level of irradiation of 1000 W/m? for the next 0.4 sec.
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Figure 9. Power profiles of the load with variation in irradiation level.
load reactive power plot

in Figure 8(a). Thus, the inverter starts to generate power in excess of the load demand and
the grid.

4.2 Analysis of reactive power distribution

In case of reactive power, it is observe that the load reactive power demand remains constant at about 5
kVAR all throughout the three different irradiation levels. This is observed from Figure 9(b). The PV inverter,
with the help of the connected capacitor bank, continuous to produce a reactive power in the range of about 5
kVAR irrespective of the irradiation level. Even when the radiation level becomes zero for the first 0.4 sec
duration, still the PV inverter continuous to produce this amount of reactive power. This is observed from
Figure 7(b). Hence, the total demand of the load in terms of the reactive power is supplied solely by the PV
inverter itself. Hence, no reactive power is transferred to the load from the grid as is observed from Figure
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8(b). Thus, the total reactive power intake from the grid remains close to zero; thereby, retaining the high
power factor of the grid all throughout. This is one of the major advantages of the proposed model where no
reactive power is transmitted to the load from the grid and hence, the grid power factor always remains at a
high level; although the inverter power factor slightly reduces during the high reactive power demand
particularly when the active power demand is on the lower side.
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Figure 11. Fundamental component of various system currents under varying irradiation levels

The current profiles are also shown in Figure 10, where it is easily observed that during the middle period
when the radiation level reaches 400 W/m?, no power is transferred either from the inverter to the grid or vice
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versa. Thus, the net amount of current transfer remains close to zero. This is clearly observed from Figure
10(a) where we observe that the grid current is remaining close to zero throughout the interval, when the entire
active and reactive power is transferred to the load from the inverter only.

4.3 Analysis of reactive power distribution

This method of transferring the total reactive power from inverter to the load end helps in retaining a good
power factor of the grid; therefore, minimum harmonic distortion occurs in the grid current. This is observed

Parameter Fundamental (50 Hz) THD (%)
current (Amps)
nverter current 9.781 29.59
20.18 14.22
50.49 5.69

evel reduces, i.e., the power quality improves for the inverter
as the irradiation level inc tandable as the irradiation level increases; the active power
generation also increases.
contribution of the active p
profile. Figure 12 illustrates
THD level of grid current alway

nder all levels of irradiation, which is considered
well acceptable as per IEEE stand i

3. T due to the fact that the reactive power

when the irradiation level remains zero. Thu 0 ¢ well to retain good quality of the grid
] i same as the load reactive and
active power demand remains unaltered througho

Table 3(b). Variation of total harmonic distribution (7. id current.

Time duration Parameter
t=01t0 0.4 sec Grid current
t=0.41t0 0.8 sec Grid current
current from PV+ non-
t=0.8t0 1.2 sec Grid current 31.98

Table 3(c). Variation of total harmonic distribution (THD) of the load e

. . Fundamental (50 Hz)
Time duration Parameter current (Amps)
t=01t0 0.4 sec Load current 20.09 14.42
t=0.41t0 0.8 sec Load current 20.09 14.42

t=0.8t0 1.2 sec Load current 20.09 14.42
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THD of various system currents under varying
solar insolation

400 W/m2 Irradiation 1000 W/m2 Irradiation

B Grid Current THD  ® Load Current THD

method and reference paper [24] & [25]

Contemporary Contemporary
) Method [24]

Enhanced-PLL

Feature

Grid synchronization

Connection Double-stag Single-stage

Harmonic mitigation APC method No special APC method
mechani

Reactive power supply PV inverter

Power factor (Grid) Unity

Grid system capacity No additional

requirement requirement fulfil reactive power

requirements of non-
linear load as well as to
retain THD under
specified limit.

The table compares the features of the proposed method with two contemporary methods for grid-tied
photovoltaic systems with non-linear loads. The features compared include grid synchronization method,
connection type, harmonic mitigation technique, reactive power supply source, power factor at the grid, and
grid system capacity requirement. The proposed method utilizes a second-order band-pass filter for grid
synchronization, a double-stage connection, APC method for harmonic mitigation, PV inverter for reactive
power supply, operates at unity power factor, and requires no additional grid system capacity. In contrast,
Contemporary Method [25] uses a synchronous reference frame PLL for grid synchronization, a double-stage
connection, no special control mechanism for harmonic mitigation, grid for reactive power supply, not
specified power factor, and requires a large grid system capacity. Contemporary Method [24] uses an
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Enhanced-PLL for grid synchronization, a single-stage connection, APC method for harmonic mitigation, PV
inverter for reactive power supply, operates at unity power factor, and requires no additional grid system

capacity.
4.5 Future Scope of work

The proposed method presents a number of opportunities for future research and development, including:

1. Proposal of advanced maximum power point tracking (MPPT) techniques: The proposed method can be
further improvedyby incorporating advanced MPPT techniques that can overcome various weather-related
problemis, such as partial shading, and improve overall system efficiency.

2. Analysis of grid fault conditions: The proposed method can be tested under various grid fault conditions,
including both symmetrical and unsymmetrical faults, to evaluate its performance in maintaining the total
harmonieidistortion (THD) of the grid current under permissible limits.

3. Integration ofdow-voltage-ride-through (LVRT) capability: The proposed method can be modified and
upgradgd to inclide LVRT functionality, in order to comply with the LVRT requirements of different
countries' grid ¢odes. This will guarantee that the system remains linked to the grid at the time of low-voltage
events, improving the overall reliability of the system.

These areas of research havethe pétential to improve the effectiveness and efficacy of the proposed
method, and canpave the way for its widespread adoption in the field of renewable energy generation.

5 Conclusion

In this study, we have designed a Double Stdge Grid Tied Photovoltaic (DSGTP) model with non-linear
load connected, which has the potential to mitigate harmonic problems that arise due to non-linear R-L loads.
We used a simplified P&O method to track'the maximum power point (MPP), and a PI controller to stabilize
the DC link capacitor voltage. Additionally, weused,a second-erder band-pass filter instead of a PLL for grid
synchronization, which reduced the complexity and'€ost of thie system.

To mitigate harmonic problems, we used an ActivedPower Coefficient (APC) control mechanism that
ensured that the reactive power demand of the load wasdlways fulfilled by the PV inverter, thereby maintaining
the grid current at unity power factor. Through simiulations, weddemonstrated the successful mitigation of
harmonic problems at different weather conditions, and showed that the inverter current waveform remained
distorted while the grid current waveform remained sinusoidal throughout the simulation period.

Overall, our study provides a valuable contribution to the field 40f remewable energy generation,
demonstrating the potential for effective harmonic mitigation in a DSGTP system with non-linear loads. The
graphical representation of the power flow dynamics provides a usefil visual aid for undeistanding the nature
of the system during different operating conditions. Further inwestigations in this' field could lead to the
progress of more advanced and efficient control mechanisms for renewable energy systems, with potential for
widespread adoption in the future.
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